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DEVELOPMENT OF AIRCRAFT WINDSHIELDS
TO RESIST IMPACT WITH BIRDS IN FLIGHT

Part 1l

INVESTIGATION OF WINDSHIELD MATERIALS
AND METHODS OF WINDSHIELD MOUNTING

SUMMARY

Impact tests of windshield installations
were carried out by means of a compressed-
air catapult, which projects freshly killed
bird carcasses at velocities equivalent to
aircraft flight speeds as great as 450 mph

Impact tests of various windshield
materials and types of panel construction
were conducted with panels mounted in both
a standard laboratory test frame and 1in actual
cockpit structures submitted for test by
various manufacturers and air line operators
Two principal types of windshield installation
were tested
de-icing type windshield was initially the
Primary type considered With the intro-
duction of electrically heated panels, incorpo-

The flat double-pane warm air

rating a transparent electrical conducting
film, the single-pane type was included in the
tests

It 15 shown that the primary factor af-
fecting impact strength of laminated wind-
shield panels themselves is the thickness of
the plastic interlayer
factor, concerning the 1nstallation of the panels
in the cockpits, 1s the method of attachment
to the air frame structure

The test results show that the most
efficienttype of windshield panel consiruction
as concerns high impactstrength 15 the lamai-
nated type with thick polyvinyl butyral plastic
interlayver, with an extended flexible plastic
edge incorporating a metal insert bolted to

The most important

the frame structure A glass-plastic panel
of this type with 0 125 in polyvinyl butyral
plastic interlayer, with an angle of slope of
41 ° and plastic temperatureof 80° F, resists
penetrationof a 4-1b carcass atvelocities up
to 280 mph when tested in the standard steel
frame Similarly, a panel with 0 25-1n
pelyvinvl butyral plasticinterlayer resists
penetrationatvelocities up to 440 mph Panels
tested 1n aircraft cockpit structures give

lower penetration velocity values because of
general greater rigidity of the supporting
structure and less uniform edge support

Further data are gpiven 1in connection
with windshield frame design, edpge mounting
problems, strength of side and other windows,
optical and thermal characteristics of panels,
splintering problems, effectof panel mounting
angle, effect of location of impact, and other
general design problems

INTRODUCTION

The general problem of frequency and
hazards of collision of aircraft with birds 1n
flipht, with particular reference to damage of
windshield areas, 15 presented separately in
PartI of this report 1

In this, PartIl, are given the results of
tesis concerned with the development of 1m-
pact resistant windshields, and basic infor-
mation applicable to their desipn PartIl s
in the nature of a progress report, and will
be followed in the future by additional reports

The tests covered 1n the present report
were 1nitiated in 1942 by the Civil Aeronautics
Administrationas part of a development pro-
gram looking to the increasing of the impact
resistance of aircraft windshields to provide
protection apainst collision with birds in
flipht This program was started as a result
of requests from various air carrier oper-
ators, and from repulatory bodies within the
Admanistration, which arose as a result of
airplane collisions with larpe birds which had
occurred in the preceding several years

lpen Kangas and George L. Pigman,
"Development of Aircraft Windshields to Resist
Impact with Birds in Flight," Part I, Techni-
cal Development ReportNo 62, January 1949



Windshield testing in connection with
this program was startedin July, 1942, at the
laboratories of the Westingphouse Electric
and Manufacturing Company, EastPittsburgh,
Pennsylvania This work was carried out
under directCivil Aeronautics Administration
supervision bututilized Westinghouse person-
nel, facilities, and speci1al test equipment
developed for the CAA by the Westinghouse
The work at East Pittsburgh was
terminated 1n November 1943

Company

InFebruary 1945, construction of wind-
shield test facilities was completed at the
CAA Experimental Station, Indianapolis,
Indiana, and the test program was resumed
This program continued through 1945 and
a portion of 1946 During the remainder of
1946 and 1n 1947, only limated tests other than
for private manufacturers were conducted,
and no appreciable progress was made in the
general testi program

The present report covers results and
conclusions obtained in this investigation
from the time test work was started 1n 1942
Some test results
were published2 1n January 1945, and the
present report reviews the data presented 1in
this earlier publication The data presented

until the present time

in the present report are still incomplete 1n
many respects, and 1t 1s planned to complete
such data during the future course of the
program

The purposes of the test program have
been to secure practicaland basic information
for use 1n the design of 1mpact resistant
windshields, to ai1d windshield and aircraft
manufacturers in the development and appli-
cationof improved designs, and to coordinate
knowledge of optical, de-1cing, and other wind -
shield characteristics with impactresistance
to arrive at optimum design requirements

The authors wish to acknowledpge with
appreclation the cooperation of the following
aircraft manufacturers, air lines, and
glass and plastic manufacturers for pro-
viding windshield installations and associated
materials, numerous 1deas and useful sup-
gestions, and permission for use 1in this re-

2George L. Pigman, "Impact-Resistant
Windshield Construction,' Aeronautical
Engineering Review, Vol 4, No 1, January
1945

port of data obtained from tests on actual
cockpit structures

American Airlines
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L.ockheed Aircraft Corporation
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Rohm & Haas Company
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TEST EQUIPMENT AND METHOD OF TEST

Impact Tests

In the conduct of the windshield impact
tests a compressed-air gun 1s used {o pro-
ject bird carcasses at the windshield panel
This gunis shown 1nFi1g 1 Gun barrels
from three to eight inches inside diameter
areused, so thatbird carcasses fromapproxi-
mately 1l to 16 pounds weightmay be projected
at any predetermined velocity to a maximum
of about 450 mph

The chickens and turkeys used in the
tests are killed by electrocution just prior to
the test, and are fitted into a light cloth bag
for insertion in the gun Bird carcasses are
used for the tests because of the extreme
difficulty and the uncertainty inveolved i1n ob-
taining a substitute type of projectile which
will possess elastic characteristics 1dentical
to a real carcass during high speed impact,
and because bird carcasses have been found
to provide reproducible test results

The electrocution process 1s utilized 1n
preparing the carcass fortest in order to re-
tain i1ts characteristiesas nearly as possible
to those of the living condition

After leaving the muzzle of the gun, the
carcass breaks a setof fine steel wires,
shown in F1g 2, which are placed across 1its
path for velocity measuring purposes Two
wires of the set are spaced with a 5-foot
separation, and are connected to a galva-
normeter oscillograph which indicates the
corresponding time interval Two other wires



Fig. 1 Compressed Air Gun

of the set, also with a 5-foot separation, are
connected to a direct-reading chronoscope.
Thus two independent measurements of the
carcass velocity are obtained. These instru-
ments are in the control room shown in
Fig. 3.

The carcass velocity obtained with the
gunis predeterminedin terms of the gun air-
tank pressure, and may be predicted within
approximately *10 per cent, The point of

impact of the carcass onthe windshield
structure is predetermined within abouta
1-in, radius by bore-sighting the gun upon the
point of the structure which is to receive the
impact.

The windshield panels are mounted in
various types of supporting structures for
test. In most of the tests, in which the main
purpose was to determine only the panel
strength and panel impact characteristics
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Fig. 2 Windshield Test Chamber

under various conditions, a standard steel
frame structure was used, This structure,
shown in Figs, 2 and 4, was adopted because
of its simple constructionand ease of repair,
and was intended to have approximately the
same elastic characteristics and rigidity as
an average windshield frame structure on
large aircraft, As will be shown later, this
steel frame structure is actually less rigid,
and apparently produced lower impact forces
in the panel, than a normal cockpit structure
of large aircraft.

Numerous tests have been carried out
utilizing @ portion of the airplane cockpit
structure for mounting the te st windshield
panels. Tests of this nature have been con-
ducted in cooperation with various aircraft
manufacturers and air carrier operators,
and have included the Douglas Models DC-4

and DC-6, Lockheed Model 49, Curtiss-
WrightC-46-A and C-46-E, United Air Lines
DC-3 and DC-4, Beechcraft Models D185
and 34, MartinModel 202, Boeing Model 377,
Grumman G73, Consolidated Vultee Model
240, and others., In such tests the entire
cockpit structure was used, including the
structure above the approximate centerline
of the fuselage and extending forward from
the first bulkhead at the rear of the pilot
compartment to a point several feet in front
of the windshield. In Fig. 5is shown a typical
cockpit structure, in position for impact test
in the test chamber, Fig. 5 also illustrates
the method of support commonly used for
such structures in the test chamber. The
structure is clamped rigidly to the floor of
the test chamber, and supported against the
rigid rear wall by means of wood braces
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Fig. 3 Impact

behind each of the main longitudinal structural
members.

Measurement of panel temperature at
the time of test was obtained by thermocouples
placed in close contact with each face of the
panel Panelheating toobtaindesired temper-
atures was accomplished by means of heat
lamps, and cooling was obtained by immersion
of the panel in water of the desired temper-
ature, or by cooling of the entire test chamber.

High-speed motion pictures were ob-
tained of many of the windshield panels at
the instantof impactas anaid in understanding
the nature of the impact and the mechanism
of the failures. For this purpose a General
Radio Type 651 ~AG high-speed motionpicture
camera was used, and was operated ata
speed of 1000-frames per second.

GAM OPERATED
SWITGH SYSTEM

Test Control Room

Optical Tests

Optical deviation tests of windshield
panels were made by photographing a grid
through the panel by means of a camera
equipped with a long focal length lens, as
shownin Fig. 6, The lens axis of the camera
was placed perpendicular to both the plane of
the panel and the plane of the grid. The dis-
tance between the windshield panel and the
grid was arranged so that the l1-in, grid
spacings corresponded to ten minutes of arc
deviation of the line of sight.

A photograph of the grid was taken
through the windshield panel, and then the
panel was removed and a second photograph
was taken of the grid upon the same photo-
graphic negative. Measurement of grid line
displacements on an enlarged print of the
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negative permits determination of the devi- DESCRIPTION OF PANEL TYPES
ationat all points of the panel. Measurement
of grid line slopes provides rates of change A large variety of different types of

of deviation. windshield panel construction, materials, and
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Fig 7 Type Il Windshield Panel Single
Pane With Rigid or Clamped Edge
Type of Mounting

The
various types may be separated into four

arrangements were 1ncluded in the tests
principal classifications

(1) Single-pane installations with rigid or
clamped edge mounting

(2) Single-pane installations with flexible
bolted edge mounting

(3) Double-pane 1installations having rear
pane with rigid edge.

(4) Double-pane installations having rear
pane with flexible bolted edge mounting

SEM) TEMPERED 8LASS
POLYVIMYL BUTYRAL WITH
METAL INSERT AND
SEMI TEMPERED GLASS

Fig 8 Type II Windshield Panel

SEMI-TEMPERED GLASS
POLYVINYL BUTYRAL WITH
METAL INSERT AND
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Pane With Flexible Bolted Edge
Type of Mounting
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Fig 9 Type IIIl Windshield Panel
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Double

Pane With Rigid or Clamped Edge
Type of Mounting

Various typical installations repre-
senting each of the four classifications are
shown schematically in Figs 7 to 10 A de-
tailed description of principal variations of
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Fig 10 Type IV Windshield Panel Double
Pane With Flexible Bolted Edge
Rear Pane Type of Mounting

each type 1ncluded 1n the tests 1s given in
Tables I to IV

It will be seen from these tables that a
large variety of panels have been tested,
incorporating various combinations of an-
nealed, semi-tempered and full-tempered
glass, polyvinyl butyral, methyl methacrylate,
and cellulose acetate In the interest of

brevity, the term polyvinyl butyral will be at
times referred toas butyral The panels have
been tested in various types of mounting
structures, and with considerable variation
in details of construction

Included 1n the types of panels shown
in Figs 7 10 10, and described 1n Tables I
and II, are panels usedfor corner clear-
vision windows, or for added windows above
or below the windshield proper, i1n various
practical installations

TEST RESULTS AND DISCUSSION

Impact Resistance of Windshield Panes

The penetration veloecity, or velocity of
bird carcass of specified weight which will
barely cause failure of the windshield panel
or immediate supporting structure and permait
portions of the carcass to pass through, 1s
shownin Tables T to IV as determined by test
for eachtype and variation of windshield panel
construction. The angle of slope, temperature,
and other important conditions of each test
are also shown

Each value of penetration velocity given
in Tables I to IV 15 generally based on three
to four individual tests. The final value of
penetration velocity taken 1n each case 1s the
median value between the highest velocity
where no penetration 1s obtained and the
lowest velocity where penetration 1s obtained

Ideally, each value of penetration ve-
locity should be based upoen a large number
of tests, and should be taken as the upper
limit of a band of velocities which cause no
Penetration However, the expense and
complication of each test, and the practical
lack of needfor extreme precision in the final
test results, limit the number of i1ndividual
tests which can be conducted Variation in
individual test results 15 caused by uncontrol-
lable variation in the properties of the test
specimens, the attitude and elastic charac-
teristics of the bird carcass, and the point of
contact of the carcass on the test panel The
magnitude of error 1n the values of penetration



velocity given in Tables I to IV 15 estimated
to be a maximum of about £10 per cent

The sigmificant facts shown by the data
piven in Tables I to IV 1in relation to the rel-
ative impact strength of various types and
arrangements of windshield panels are briefly
as follows

(1) The general type of pane which provides
the greatest irnpact strenpth, when com-
pared upon the basis of equal weight with
other types of pane construction, 1s the
laminated type pane with thick polyvinyl
butyral plastic interlayer and with the
flexible plastic edge bolted to the frame
structure

(2) The thickness of a pane of one type
construction strongly influences impact
strength However, 1n a laminated glass-
Plastic panel with extended plastic edge,
the thickness of the tempered plass faces
has little eifect on 1mpact strength within
reasonable limits, and the butyral plastic
interlayer thickness has predominanteffect
(3) Anoptimum temperature amd plasticizer
contentexistfor maximum 1mpact strength
of all panels 1n which plastic materials
contribute appreciably to the strenpgth. Thas
effect 1s very pronounced in laminated,
extended plastic edge type panes where the
Plastic provides the large portion of the
irnpact strength of the pane

(4) In a double-pane arrangement, where
a relatively thin front pane wath good
thermal transmissioncharacteristics is
used, the front pane contributes little to
the 1mpact strength of the combination,
The type of front pane, within the limits
permitted by the thermal requirements, 1s
of lattle importance from the impact stand-
point

(5) The more sumple and uniform mounting
possible for a single-pane installation
appears to compensate for any small loss
1n strength associated with the absence of
the front pane

{6) The angle of impact upon the windshield
pane has great effect upon 1ts 1mpact
strength, 1n general agreement with that
expected from considerationof variation of
force and velocity components with angle
(7) The general rigadity and energy ab-
sorbing characteristics of the windshield
supporting structure have considerable
effect upon the strength exhibited by the

10

windshield pane. A structure which 1s
highly elastic, or which undergoes moderate
buckling, apparently causes lower forces
to develop in the pane, with resultant de-
layed failure

(8) Impact upon sloped windshield panes
15 more severe for locations clese to the
aft edges or corners of the pane

(9) Size and shape of windshield pane have
little effect upon 1impact strength over a
considerable range

These various facts revealed by the
data are discussed more completely herein

Type of Panel Construction

The evident superiority in the impact
strength-weight relationship of the type of
pane 1ncorporating glass faces and a thick
polyvinyl butyral plastic¢ interlayer, which
extends beyond the glass edges on all sides
for bolting to the mounting frame, was demon-
strated early in the test program This type
of construction has appeared so advantageous
throuphout the test program that the larpe
portion of the tests has been devoted to 1n-
vestigation of its particular characteristics

The use of the full-tempered glass pane
has been sugpested for aircraft windshields
because of 1ts excellent optical characteristics,
1ts relative freedom from strength variation
with temperature, and its freedom from
cracking at impact velocities less than that
required for complete failure. However,
from weight consideration, the practical ap-
plication of full-tempered glass panels for
alrcraft use appears to be limited to low
speed aircraft or for side or corner window
installations of high s.lcnpe:']I

In Fig 11 1s shown a comparison be-
tween the penetration velocities measured
with various weights of butyral plastic lama-
nated panes, and the penetration velocities
of various weights of full-tempered glass
plates Itis indicated that to obtain the same
impactresistance againsta 4-lb bird carcass
with panels supported in the standard steel
frame, a full-tempered glass plate of approxi-
mately 260 per cent greater weight than the

3pell Kangas "'Impact Tests of Full=-
Tempered Glass Windshield Panels, ' Techni-
cal Development ReportNo 71, August 1947
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extended plastic edge type 1s required for a
penetiration velocity of 300 mph

The reasons for the highimpact strength
exhibited by this type of panel construction
may be readily explained Impact strength
of any material 1s usually determined by 1ts
ability to provide large deformation under
large loading forces without failure The
combinationof hagh load and large deformation
resultin high energy absorption In the
Present instance, the butyral plastic bolted
to the frame around 1ts periphery forms a
flexible membrane, after failure of the glass

11 Variation of Penetration Velocity With Windshield Weight

faces, with relatively high tensile strength
and elongation The energy absorbed by a
sheet of such plastic before failure, there-
fore, 15 very large In Fig 12is shown
double-pane type windshield No 412 4 from
Table IV, which utilized 0 188-1n butyral
interlayer in the rear panel and withstood
Peneiration of a 4-1b carcass projected at a
velocity of 300 mph at a pane temperature of
80° F

Characteristics of the polyvinyl butyral
are 1llustrated by the curves shown i1n F1g 13
The data given, which were supplied by the



Fig. 12 Impact Test Resulting in Nonfailure of a Douglas DC-6 Windshield Utilizing
3/16-in. Polyvinyl Butyral Interlayer Tested With 4-1b. Chicken Carcass at
300 mph

Pittsburgh Plate Glass Company, are for
conditions of low rate of load application, and
therefore, do not apply directly to the high
velocity impact involved in bird collision.
The maximum value of toughness index, as
derived by determining the product of per
cent elongation and tensile strength from
Fig. 13, occurs for butyral plastic with 20
per cent plasticizer content at about 14° F.
The principal effect of high loading rate ex-
perienced in bird impact is indicated in Fig.
14, where the maximum strengthofa 0. 25-in.
butyral plastic with 20 per cent plasticizer
content tested with a 14-1b, bird carcass
occurs at 110°F. When test temperatures
below 80° F were used, the penetration ve-
locity dropped rapidly because of the decreased

elongation of the plasticat such temperatures.
A complete study at these low temperatures
has not yet been made.

Effect of Pane Thickness

Fig. 15 shows the effect of thickness
upon impact strength of full-tempered glass
plates, cellulose acetate sheets, and butyral
plastic interlayers in the laminated extended
plastic edge type panes. The thickness of the
glass faces is notincluded in data concerning
the latter type of pane because of the relatively
small contribution of the glass to the impact
strength of this combination.

In Fig. 15 are included data obtained
with panes of the laminated extended plastic
edge type tested both in aluminum alloy
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Acetate With Temperature

cockpit structures and 1n the simplified steel
frames used for comparative tests Itis
shown that the panel penetration velocity,
where failure occurs 1in the butyral plastic
interlayer, varies approximatelyas the loga-
rithm of the plastic thickness This can be
expressed by the equation

v
T = Kec
where
T = thickness of vinyl plastic i1n inches
v = penetration velocity of windshield
panel in mph
K & ¢ = constants

For the three curves in Fig 15 1n-
volving laminated panels, the following con-
stants may be substituted in the above ex-
pression which will indicate the approximate

slope and position of each curve

Structure Wind- Weight

Supporting shield of Value Value
Windshield 5lope Carcass of of
Test Panel (degrees) (lbs) K c
Standard

steel 41 4 00372 230
Frame

Cockp1t 40-46 4 0 0498 180
Standard

Steel 41 14 00121 54
Frame

In the case ot the full-tempered glass
panels, a more complete expression was de-
rived This expression also includes the
effect of varying the windshield slope from
41° to 60° and may be stated as follows
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where

T

thickness of full-tempered glass pane in
inches
v = penetration velocity in mph

L=
n

total angle of slope of panel in degrees

The constderable decrease 1in pene-
tration velocity shown 1n Fig 15 for lama-
nated extended butyral plastic edpe type panes
when mounted i1n cockpit structures, as com-
pared with 1identical panes mounted 1n the
standard steel frames, 1s associated with
effect of structural rigidity and will be dis-
cussed 1n a later section The values given
for the panels tested 1n cockpit structures

14 Variation of Penetration Velocity With Windshield Temperature

represent a moderate variation in panel size
and shape, angle of 1mpact, and type oi
mounting However, in the cases chosen, the
effect of these variables was secondary to
the effect of pane thickness

Plastic Temperature and Plasticizer Content

As previously discussed in connection
with Fig 13, the physical characteristics of
polyvinyl butyral resin used for windshield
construction are affected considerably bv
temperature Aneffectsimailar to that caused
by temperature variation also 1s produced by
variation in the plasticizer content of the
resin Thus, a resin of specific plasticizer
contentmay be brought 1o 1ts optitnum energy
absorbing state by correcttemperature adjust-
ment, and conversely a resin which will be
usedat a definite temperature may be caused
to haveits optimum i1mpactresisting proper-

-~
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ties at this temperature by adjustment of
plasticizer content

This relationship 1s shown bv the data
giveninFig 14 It 1s seen that with 0 25-1n
thick butyral plastic of 20 per centplasticizer
content tested with a 14-1b bird carcass, the
maximum impact strength 1s obtained at
about 110° F  With 30 per cent plasticizer,
the optimum temperature has not been de-
termined accurately but test results indicate
it to be not more than 80° F Waith 12 per

cent plasticizer, the optimum temperature
appears to increase considerably, although
insufficlient data have been obtained for a
complete determination

It1s evidentthat witha piven plasticizer
content, the panel impact strength 15 high in
value within a particular ranpge of temper-
atures At lower and higher temperatures
beyond this range, the impact strength de-
creases ata very rapid rate At 68° F the
impact strength of polyvinvl butyral with 20



per cent plasticizer content, as measured 1n
terms of penetration velocity of 0 125-1n
plastie with a 4-1b carcass, 15 only about
one-half the value at 80° I

It 15 indicated by the data given in Fags
13 and 14 that advantage might accrue from
use of highly plasticized resinfor low temper-
ature conditions consideration
must be given to the very low strength and

However,

high elongation of such material under any
hiph temperature condition which may be en-
countered For practical use, butyral plastic
with a 20 per cent plasticizer conient has
been considered an optimum value for air-
craftwindshield application, especially where
hiph temperatures associated with hot-air
de-1cing methods emist However, under
special temperature conditions, a different
plasticizer contentmiphtbe advantageous and
also practical

The data given1in Fi1g 14 also show that
aircrait type cellulose acetate, usable for
windshield material on light aircraft, 1n-
creases rapidly in resistance to 1mpact as the
temperature 1s increasedabove 120°F It
1s 1ndicated that cellulose acetate of higher
plasticizer content would exhibit high impact
strength at lower temperatures

Impact Strength of Front De-icing Pane 1n
Double-Pane Arrangement

The thickness and composition of the
front de-icing pane of a double-pane wind-
shield arrangementi normallv are Iimited by
requirement for good thermal transmission
characteristics In particular, this require-
mentplaces severe limitation upon the use of
a plastic such as butyral in this pane, as the
the rrnal transmaission of butyral 1s only about
one-fifth that of glass Accordingly, it may
be expected that the front pane can contribute
only a small portion of the impact strength
of the combination

Three types of front pane construction
were included in the tests, as shown in Fag
16 Specific data were not obtained to de-
termine the precise effect of each type of
front pane construction, but 1t was evident
from the test results that the front pane had
small effect upon the impact strength For
example,a 0 25-in full-tempered glass front
pane adds little 1f any strength to a laminated
glass-plastic type rear pane, and a laminated
front pane with 0 060-1n butyral plastic
interlayer adds about 10 per cent to the

16

PANE

025 FULL TEMPERED GLASS

PANE

0I10 SEMITEMPERED GLASS
0015 POLYYINYL BUTYRAL AND
02350 FULL TEMWPERED GLASS

PANE

0.425' AND 0125 SEMITEMPERED
GLASS WITH 0060 INTERLAYER
OF POLYVINYL BUTYRAL

NOTE
CLAMPED EDGE TYPE OF MQUNTING

Fig 16 Edge Detail of Various Front Panes
Tested 1n Double Pane Type
Windshields

strength of a rear pane containing 0 25-1n
butyral plastic thickness

The tests upon which these conclusions
ate based were carried out with bird carcass
welghts of 4to 16 pounds It is indicated from
flightaccident experience, and from theoret-
ical considerations, that a front pane of 0 25-
in full-tempered glass provides a high degree
of protection against small birds of less than
1-1b weight In such experience, at cornmon
aircraft velociiies, the bird carcass 1s re-
pelled wath no cracking or damage to the wind-
shield panel



Effect of Mounting Structure Upon
Panel Impact 5trength

A detailed discussion of windshield
supporting structures and arrangements 1s
How-
ever, 1t has been observed that the impact

given in a later section of this report

strength, or penetration wvelocaty, of a given
type of windshield panel will vary over a con-
siderable range of values, depending upon the
particular structure used No detailed analy-
s1s or specific measurements were made 1n
this particular connection, but various general
observations may be discussed

It1s shown 1n Figs 14 and 15 that an
approximate 125 mphdecrease in penetration
velocity exists for windshield panels of 1dent:-
cal plastic thickness when mounted in cock-
pit structures rather than in the standard
This
decrease 1n penetration velocity may be at-
tributed to

steelframe used for comparative tests

(1) an increase inthe elastic rigidity, and
a decrease 1n ease of structural buckling,
1n the cockpit structure

(2) variation in the elastic and buckling
characteristics of the cockpit structure
around differentportions of the windshield,
resultinpinlocalized stressesin the panel
(3) variation in the uniformity of bolt
attachment of the panel to the cockpit
structure, resulting in localized stresses
in the panel

All of these factors are of importance
in determining i1mpact strength of the panel
The characteristics of the standard steel
frame used 1n the tests were, 1n all of the
above respects, suchas to tend toward maxi-
mum panel strength

As several of the cockpit structures
tested provided fairly uniform structural
supportand attachment of the windshield
panel, 11t may be concluded that the elastic
and buckling characteristics of the supporting
structure contribute a fairly larpge portion of
the total panel strength difference noted

Insufficient cockpi1t structures were
tested, with approximately equivalent panel
mounting angle and widely different structural
rigidity, to permit measurement of the effect
of such structural dififerences The cockpit
data 1ncluded in Figs 11 and 15 were for
cockpits of large aircraft with a relatively
rigid structure designed to withstand internal
pressure loads
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Effectof Angle of ImpactUpon Panel Strength

InFi1g 17 are shown data obtained with
panes of identical plastic thickness tested in
the standard steel frame at various angles of
impact, and other panes of the same thickness
tested 1n various cockpit structures i1n which
the angle of mounting varied T est results
obtained with full-ternpered glass panes of
different thickness are also shown

Although known advantages exist from
the standpoint of 1mpact resistance in de-
creasing the angle of impact by suitable de-
sign and layout of the windshield in the air-
plane, consideration must be given to the re-
sulting 1ncrease 1n optical distortion and de-
crease 1n general visibility

Anexception to the general rule for
variation of penetration velocity with impact
angle of laminated extended plastic edge panes,
as shown in Fip 17, 1s found 1n the case of
very small panes and where i1mpact occcurs
at the af{t edge of a sloped large pane In
such cases, at some minimum velocity the
bird carcass tends to crack the glass faces
and to pocket into the plastic interlayer as
the latter stretches Because of the proximity
of a frame member to the rear, the carcass
cannot slide off the sloped panel Under such
circumstances, the penetration velocity 1s to
a large depree independent of the windshield
angle

Effect of l.ocation of Impact on Panel

The penetration velocity of a windshield
of the laminated flexible bolted edge type will
vary over a considerable range of values de-
pending upon the location of the impact upon
the panel Some data in this connection are
given in Table IV However, observations of
a larpe number of tests indicate that the
quantitative effect produced by variation of
mmpactlocation depends upon several factors,
and the effect can be described only with re-
gard o general tendencies

The cause of such variation 1s partially
explained i1n the previous section, where 1t
was shown that impact just forward of an aft
edge of the windshield panel will result in a
local pocketing of the bird carcass with the
adjacent rigid structural member, preventing
sliding action In addition to this factor, 1im-
pactnearany of the edges of the panel results
in large and localized shearing and tension
stresses in the plastic interlayer along the
edge of the panel 1n the immediate vicinity of
the impact
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The penetration velocity of a panel of the
laminated flexible bolted edpe type will be &
maximum for impactatthe center of the panel,
a minmimurmm for impact close to the aft edge
or edpes, and of intermediate value for im-
pact close to other edges For the common
type of panelarrangement with both the hori-
zontal and vertical axes sloped, the location
of 1mpact for minimum penetration velocity
will be close to the upper outboard corner

This relationship is shown in the data
ofTable IV, TestNos 407 1, 407 2 and 407 3,
wherein a double-pane arranpement with
0 25-1n butyralplastic interlayer i1n the rear
pane, with the horisontal axis sleped 38° and
the vertical axis sloped 17°, [ai1led at 1 60 mph
with tmpact of a 14-1b carcass at the center
of the pane Failure was obtained at 110 mph
with impact 5 51n from the afl end, and at
150 mphwithimpact 5 5 1n from the forward
edpe

The mapgnitude of the variation of pene-
tration velocity with impact location will de-
pend upon the angie of impact and upon the
rigidity of the frame structure In general,
a smaller angleof impactanda greater struc-
tural rigidity will increase the magnitude of
this variation

Effect of Size and Shape of Panel Upon
Impact Strength

Special tests were carried out to de-
termine the effect of variation of size and
shape of windshield panel upon 1mpact
strength These testis were conducted with
laminated panels incorporating 0 125-in
butyral plastic,and with a 4-1b baird carcass
Itwas found that variation of flat-panel shape
from 1 bv 1 foot square tal by 3 foot rec-
tanple, and changing the area of square panels
by a factor of four, appears to cause no ap-
preciable change 1n penetration velocity for



impact normal to and at the center of the
panel. However,a 2 by 2 foot panel exhibited
40 per cent greater impact strength than the
lesser sized panels when tested at an angle
of slope of 41° (see Table II, Type 201). Ad-
ditional tests are necessary to verify pre-
liminary results and determine further the
combined effect of angle and variation of
panel shape.

A corroboration of the tests of the flat
2 by 2 footpanelas describedinthe preceding
paragraph is indicated in tests performed on
relativelylarge, highly sloped, curved, lami-
nated panes which were attached to the cock-
pit structure by means of the clamped edge
type of mounting. Data concerning this type
of panelare giveninTable Ifor TypeNo,111.1
The unusually high strength of this panel with
only clamped edge mounting may be partially
explained by the large angle of slope of 63°,
but the high strength also undoubtedly is asso-
ciated with the large panel size. Failure of
the panel was of a local nature and, except
where impact occurred close to one edge of
the pane, the tensile forces developed in the
plastic interlayer were so small for each
unit length of the large edge dimensions that
the panel did not pull from the frame as ordi-
narily occurred with smaller panels of this
type.

A high-speed motion picture study of
the result of impact occurring near the for-
ward edge of windshield Type 111.1 is shown
in Fig. 18. This illustrates the failure of the
clamped edge type of mounting. In this case
the carcass is deflected upward because of
the unusually great slope of the windshield.
The formation of a cloud of glass splinters is
also evident as a reaction to the impact.
Comparable splintering of the inner face into
the cockpit also occurs,

Edge Mounting of Laminated Flexible
Bolted Edge Type Panes

In general, the test results have shown
that the edge attachment of a laminated flex-
ible bolted edge type pane forms the most
critical partof the installation with regard to
impact strength. The method of transmitting
tensile and shear stresses from the plastic
interlayer of the panel into the metal structure
is of primary importance.

The type of failure occurring at exces-
sive carcass velocities in a windshield panel
with adequate edge mounting is shown in
Fig. 19, with the plastic interlayer absorbing

Fig. 18 Single Frames From a High Speed
Motion Picture Film of Impact
Test on Curtiss-Wright C46A
Cockpit. Time Scquences Measured
From First Frame are 0.004,
0.013, and 0.082 Seconds



Fig. 19 Example of Failure at Center of Laminated Pane With Polyvinyl Butyral

Interlayer

maximum energy before tearing. This type
of failure indicates optimum butyral plastic
temperature and sufficient strength in the
edge mounting of the panel and the frame at-
taching the panel to the cockpit structure.

In Fig. 20is shown a typical edge
mounting arrangement for panels of such type.
The important variables in the method of
edge attachmentare (a) thickness, width, and
type of metal insert strip, and (b) diameter,
type, spacing, and edge distance of mounting
bolts.

(a) Metal Insert
Aluminum alloy 24S-T is commonly used

as the material for the metal insert strip,
although steel alloys also may be used.

The thickness of the metal insert strip is
critical. If the strip is too thin, the
mounting bolts passing through the strip
will tear through the edge to cause failure.
Too great a thickness of the metal insert,
with corresponding stiffness and decreased
butyral plastic thickness in the edge section,
results in shearing of the plastic interlayer
along the inside edge of the insert, as is
shown in Fig. 21. The optimum thickness
of the metal insert is related directly to
the thickness of the plastic interlayer.

InTable Vare classified, according to type
of failure, windshield panels that were
tested both in cockpits and the standard
steel frame. The firstcategoryof failures,
where the extended plastic edge sheared at
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the mounting bolts, indicates either lack of
insert or insufficient thickness of insert
when the mounting bolt size, spacing, and
edge distance are satisfactory. Anexample
of failure due to lack of adequate insert
thickness is shown in Fig, 22.

In the second category of failures in Table
V are shown some test results where the
butyral plastic laminated pane sheared at
the line of metal insert, indicating in
several cases excessive thickness in the
metal insert,

This type of failure is shown in Fig. 21.
Rigidity of the supporting structure, and
lack of adequate width of the insert so that
it does not extend a sufficient distance be-
tween the glass faces, also contribute to this
type of failure. The effect of rigidity of the
supporting structure will be discussed
later,

It may be concluded that the thickness of
24S5-T aluminum alloy metal insert strip
should be between one-sixth and one-quarter

Example of Failure Resulting From Impact Test Where Plastic Interlayer Sheared
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Fig. 22 Example of Failure Resulting From Impact Test Where Plastic Edge and
Metal Insert Sheared at the Mounting Bolts

the thickness of the butyral plastic inter-
layer, where the plastic interlayer thick=-
ness is 0,188-in.or less. Itappears desir-
able to use a minimum thickness of metal
insert for the thinner plastic interlayers.

With regard to width of the metal insert
strip, it has been found that satisfactory
results are obtained if the metal insert
strip extends at least 0.25-in, between the
two glass faces of the pane. If the strip
does not extend between both glass faces
in this manner, a strong tendency exists
for failure of the plastic interlayer in shear
along the inside edge of the strip.

(b) Mounting Bolt Size and Spacing

The loads developed by bird impact on a
windshield pane of the laminated bolted

edge type are transmitted to the aircraft
structure through the bolts which attach
the pane to the frame. The type, size, and
spacing of such bolts, therefore, are of
considerableimportance indetermining
the impact strength of the installation,

There are shown in Table V data covering
testresults obtained with various mounting
boltarrangements. The data were secured
with various panel thicknesses and mounting
structures,

Bolt arrangements shown in Table VI for
different butyral plastic interlayer thick-
ness, or equivalent arrangements, have
been indicated by test to be satisfactory.
The values given in Table VI are average
figures and will be conservative for panels
with very high angle of slope or with very



resilient mounting structure, and probably
represent i1nsufficient strength for ex-
tremely small panel slope or extrernely
ripiad structure It is gpenerally established
that the bolt size and distance between
bolts should provide strength equivalent to
a Z2-in spacing of No 10 steel Lolts
(100,000 psaHT ) for 0 125-1n plastic
interlayer thickness,and a 1 -1n spacing of
1dentical bolts for a 0 25-1n 1interlayer
‘thickness

In order to obtain the necessary strength
in the bolt attachment, 1t appears desirable
to use small bolts with close spacing,
rather than large bolts with wide spacing
but of equivalent total strength, 1n order to
secure the most unmiform leoad distribution
in the plastic interlayer and metal insert

The torces on the mounting bolts are a
cormbination of shear and tension forces,
but the relative magnitudes of the two force
components depend upon the ease of ro-
tation of the frame structure, the stiffness
of the glass, and other factors

Adequate distance between the center-line
of the bolts and the edge of the panel 15 of
importance in preventing the mounting
bolts from shearing through the plastic
edge of the panel The minimum suitable
edge distance 1s a function of metal insert
thickness and other factors, but 1t appears
that a distance between the bolt center-
line and the edpe of the pane of not less
than twice the bolt diameter will provide
satisfactory strength

Windshield Frame, 51ll, and Post Design

The design of a suitable mounting and
supporting structure for an impact resistant
windshield installation presents a complex
problern T his 1s true particularly with a
double-pane de-1cing type windshield where
1t 15 usually required that the rear pane, 1n
whichmostof the impactstrength 1= incorpo-
rated, should be mounted so as to be readilv
opened 1n {light for cleaning purposes

As each windshield installation design
varies widely in detail, and as no complete
and precise quantitative determination has yet
been made of the forces existing during bard
collision, the present report includes onlv
geneTtal conclusions 1in this connection, and
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data relating to specific practical designs
which may be generally applicable to other
designs An example of failure of supporting
structure resulting from 1mpact on the wind-
shield panel 1s shown 1n Fig 23

The following conclusions have been
drawn from generalobservation and analysis
of the test results

(a) Tests made upon various cockpit
mnstallations indicate that a relatively elastic
structure which buckles readily possesses
better tmpact characteristics than a heavy
rigid structure No heavy reinforcement of
a cockpit structure, such as added sheet
stiffeners in the canopy, appears necessary
for bird collision resistance except in verv
lipht structures Fraincipal points of failure
1n the structure are usually in the windshield
irame, 1n the attachment of the frame to the
s1lls and posts, and the attachment of sills
and posts to the primary structure

Auniform structural rigidity around the
windshield appears desirable to eliminate
sections of high shear stress concentration
in the butyral plastic interlayer of the panel

(b) No apparent advantage exists in
utilizing heavy rigid posts at the ends of the
windshield panel, or between panels, except
to reduce glass cracking in panels adjacent
to the point of impact However, such posts
may fail 1f their attachment to the structure
possesses insufficient strength

(¢) The rear pane of a double -pane
windshield installation 1s required to possess
high impact strength, and also 1s ordinarily
required to be readily removable 1n flight
bsome examples of the attachmentto the struc-
ture of double-pane installations tested are
shown in Figs 24 to 29, and the point of
apparent inmitial failure of the attachment 1s
indicated

The conclusions drawn from tests of a
large number of such i1nstallations are as
follows

(1) The windshield frame, attached to
the edge of the pane, should be as con-
tinuous as possible, particularly at
corners, and should possess sufficient
stiffness to transmat the 1mposed loads
from the panel mounting bolts to the
points of attachment of the {rame to the
structure without serious deformation



Fig. 23

(2) A continuous type attachment of the
frame to the structure is desirable, in-
sofar as it may be accomplished and
satisfy the requirement far rapid opening
of the rear windshield pane. Such con-
tinuous attachments permit direct and
uniformtransmission of loads from the
panel into the structure. The use of a
hinge arrangement for this purpose
provides uniform load distribution, and
rotation of the hinges tends to maintain
a direct tensile stress in the plastic
edge of the pane and to minimize shear
failure.
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Example of Failure Resulting From Impact Test of the Structure
Supporting the Windshield Frame

(3) Attachment of the ends of the frame
to the end posts usually is necessary,
although such attachment may reduce
the ease of opening the panel. If no end
attachment is used, very heavy rein-
forcement of the ends of the frame is
required to provide sufficient stiffness
for preventing the bird from bending the
end of the panel and entering the cockpit.
{(4) The upper and outboard edges of the
windshield panel, over which the bird
carcass tends to slide on leaving the
panel, should be arranged so that any
wedging action of the carcass will not
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AR

VERTICAL SECTION

NONE

POINT OF FAILURE:
ORIGINAL HINGE FAILED.

0.040" 243-T INSERT

5/32° AIR SPACE

AIRPLANE 3/16" BUTYRAL

MICARTA
DIRECTION OF FLOW 0 SPACER

UNITED AIRLINES DC-4

MANIFOLD PENETRATION VELOCTY-MPH. 250
- CARCASS WEIGHT—18S.____ 4
TOTAL SLOPE-DEGREES 41
HORIZONTAL SEGTION PANEL SIZE- N laxme
PANE TEMPERATURE- °F._____ 80
THICKNESS OF POLYVINYL BUTYBAL-IN. ___3/18

8.7~ SEMI-TEMPERED  F.T.— FULL TEMPERED

COCKPIT SECTION SUBMITTED FOR
TEST NOV. 1948

Fig. 25 Section Details and Impact Test Data of United Airlines DC-4 Windshield



s/32" RIVETS
SPACE 1" 0.C.

HOT AIR OPENING
0.378" DIA. HOLES

o.128"

ADDITIONAL REINFORCING:
NONE

0.19" 5.T. GLASS
BUTYRAL PLASTIC

0.11" S8.T. GLASS

OUTER FRAME

0.11" S.T, GLASS

0.015" BUTYRAL PLASTIC

0.25" F.T. GLASS

LOWER SILL

STIFFENER

LOCK ASSEMBLY INNER WINDSHIELD
WITH LOCK IN GLOSED POSITION

VERTICAL SECTION

OUTER
FRAME

HORIZONTAL  SEGTION

POINT OF WEAKNESS:

PRINCIPAL WEAKNESS OCCURRED AT EXTENDED EDGE OF
PANE WHERE THE PLASTIC SHEARED AT THE RIVETS. THIS
FAILURE WAS DUE TO THE LACK OF A METAL
INSERT IN THE EDSE OF THE PANE.

CURTISS-WRIGHT C46E

PENETRATION VELOCITY-MPH.__ 210
CARCASS WEIGHT-LBS. . 4
TOTAL SLOPE-DEGREES ____ 43
PANEL SIZE-IN. =~~~ === 13X24
PANE TEMPERATURE- *F. _____ 80
THICKNESS OF POLYVINYL BUTYRAL-IN.___1/8

ST~ SEMI-TEMPERED F.T.— FULLTEMPERED
COCKPIT SECTION SUBMITTED FOR
TEST SEPT. 1948

Fig. 26 Section Details and Impact Test Data of Curtiss-Wright C46E Windshield
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o

1/4 " PLEXIGLASS

5/32" RIVET THRU
GUSSETS AT EACH END
OF TOP WINDOW,

GORK & RUBBER TAPE

FORMER 0.051"- 24S-T ANGLE GHANGED TO 0.05!" - 243-T CHANNEL UNDER
GANG NUTS FOWARD TO PIGK UP FOWARD FLANGE.

116" - 7]
RUBBER /—HOT AIR  SLOTS GUT DOWN TO T7/18" X 3" FRO

¥ w_17a" g1 0Te wiTU 174" moInaF 1N AEMTER AF €
X 3-1/8 SLOTSE wWiTw /4 QRIDSE Ik OERTER OF £

SPACING 1.28" 0.C.

®10 STEEL WASHER HEAD
SGREWS CHANGED TO
ANG4- 1/4" STEEL BOLTS

0.032"- 248-T METAL - FLEX INSERT
AND 1/4" GANG GHANNEL.

CHANGED TO 0.064"-243-T

L

>\\go.|aa“ HOT AIR SPACE

COVER STRIP

NOTE:
REINFORCEMENTS FOUND NECESSARY IN
TESTS OF COCKPIT NO.1 WERE INCORPO-

RATED IN COCKPIT NO. 2 AS INDICATED
IN THIS DRAWING.

SBEALER CEMENT

ZING CHROMATE TAPE

LOWER HINGE

*10 BOLT SPACED 1l 0.c, \ SEALER GEMENT

GANG CGHANNEL

VERTICAL SECTION

OUTER RETAINER
CENTER POST

SEALER  CEMENT

174" F.T. QLASS
CORK & RUBBER TAPE

1/8" 8. T. GLASS ZING CHROMATE TAPE

3/18" BUTYRAL POST %2
PLASTIC

SEALER CEMENT

GHANNEL RETAINER

0.016" STAINLESS
b STEEL CHANNEL
AIRPLANE 0.25"DIA. SPACED

. 0.040-248-T
| g o.C.
4130 STEEL STUD-HT 130,000 PSI.

4130 STEEL CHANNEL - HT 150,000 PSL .
KEYHOLE SLOTS FOR STUDS. 1787 ST. GLASS

/8" BUTYRAL
PLASTIC

HORIZONTAL SECTION
ADDITIONAL REINFORCING:

MARTIN WMODEL 202
O REINFORCEMENTS WERE USEC

PENETRATION VELOCITY-M.PH.____ 258
IN COCKPIT NO.2 . CARCASS WEIGHT - LBS, 4
TOTAL SLOPE - DEGREES 47
POINT OF WEAKNESS: PANEL SIZE-IN, —_ 14x24
SUPPORTING STRUCTURE BUCKLED WHEN PANE TEMPERATURE - °F, 80
:g""!'f OF |MPACT OCCURRED NEAR TOP THICKNESS OF POLYVINYL BUTYRAL-IN. __ 3/18

S.T.- SEMI-TEMPERED F.T.-FULL TEMPERED

COCKPIT SEGCTION SUBMITTED FOR
TEST OCT. 1948

Fig. 27 Section Details and Impact Test Data of Martin Model 202 Windshield
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8-32 poLTS, 1-3/8" 0.C.
~ - NO, 8 SCREW
SPACED 1.8"0.C.
10-32 BOLTS, 1-3/8" 0.C.
1/4” FULL - TEMPERED 248°T
N 6LASS ALUMINUM  ALLOY
ot W VW N . STIFFENER --- SiMILAR
e3/32 ¥ \/8 OR 3/16" BUTYRAL REINFORCEMENT IN
tne e 20% PLASTIGIZER)  goTTOM SILL.
1/8" SEMI- TEMPERED .
£ \< B GLASS 0.067° HOT -ROLLED STEEL GQUSSET,
3/8"OR 7/16 CONTINUOUS AGROSS TOP & 4~ DOWN
g EAGH SIDE --- SIMILAR REINFORCEMENT

0.040" 24S-T

10-32 BOLTS, 1-5/8° 0.G.

VERTICAL SECTION OF
MAIN WINDSHIELD PANEL

] CENTER

RIGHT CLEAR VISION
: WINDSHIELD WINDSHIELD WINDOW
! " Cl
| /4" 0.109 10-32_ BOLTS, 1-5/8"0.C. l

H 10-32 BOLYS, 1-5/8"0.¢.
i
; 0.080"
BUTYRAL
0.020" 24 8-T ‘\: 178"

0.020" 245-T
0.109"

]

0.060" BUTYRAL
PLASTIC g

SECTION B-B

VIEW A-A

HORIZONTAL SECTION OF MAIN WINDSHIELD
AND ADJAGENT PANELS

IN BOTTOM SILL.

VERTICAL SECTION
UPPER SILL

ADDITIONAL REINFORCING:

0.080 IN. X 2 IN. 24S8-T EXTERNAL
GUSSETS ADDED TO TOP AND BOTTOM
OF ALL WINDSHIELD POSTS

POINTS OF FAILURE:

CORNER GUSSETS ON REAR PANE
HORIZONTAL FRAME MEWBER LACKED
STIFFNESS

VERTICAL POSTS FAILED AT POINTS
OF INTERSECTION WITH GOCKPIT
STRUCTURE

BEECH MODEL 34

PENETRATION VELOCITY-MPH 220
CARCASS WEIGHT-LBS _ 4
TOTAL SLOPE “DEGREES____ 48
PANEL SIZE-IN.— (T X18
PANE TEMPERATURE -°F — 80
THIGKNESS OF POLYVINYL BUTYRAL-IN. 3/16
COCKPIT SECTION SUBMITTED FOR
TEST APRIL 1947

Fig. 28 Section Details and Impact Test Data of Beech Model 34 Windshield
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NOTE:

BETWEEN THE 6GLASS FACES.

0.140° 8.T. GLASS

0.68" BUTYRAL PLASTIC

0.3128" 3/4 TEMPERED GLASS

0.032" 248-T INSERT

r
AIRPLANE

VERTICAL SECTION

SCREWS CHANGED FROM NO.10-32 HT 60,000 PSI.
TO NO. 10-32 STEEL SCREWS WY 125,000 P9I
SPAGED 27 0.C.

FELT FILLER

0.084" 243-T PLATE

243-T BAR

ADDITIONAL REINFORGING:

NONE
HORIZONTAL SECTION
POINT OF WEAKNESS: BOEING MODEL 377
LACK OF METAL INSERT THICKNESS CAUSED EXTENDED PENETRATION VELOCITY - M.P.H.
EDGE TO SHEAR AT THE BOLTS. LACK OF WIDTH OF CARCASS WEIGHT - LBS.
METAL INSERT CAUSED PLASTIC TO SHEAR BETWEEN TOTAL SLOPE - DEGREES
EDGE OF GLASS FACE AND FRAME. PANEL SIZE-IN.

PANE TEMPERATURE -°F.

METAL INSERT DOES NOT EXTEND

308
a
43
20X 20
80

THICKNESS OF POLYVINYL BUTYRAL-IN. _ /4

S.T. - SEMI- TEMPERED

COCKPIT SECTION SUBMITTED FOR

TEST NOV. 1948
Fig. 29 Section Details and Impact Test Data of Boeing Model 377 Windshield
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cause fai1lure of bolts or structural
members carrying the principal impact
load In many tesis, wedging of the
bird carcass along such edges has
caused rotation of outside retainer straips
and other members, and has resulted
intwisting and fai1lure of retaining bolts
{(5) Avari1ety of fast-action clamps,
locks, and hookedlip arrangements for
frame attachment have been tested, and
areshowninFigs 24 to 29 Many such
arrangements have proven satisfactory
mpractical installations It 1s re=-
quired that such locking arrangements
donotopenas a result of impactloading,
shock of impact, ar reaction after shock
(d) Center V-posts, and other posts at
the ends of or between windshield panes,
usually will resist direct 1impact without
serious failure 1f firm attachment of the post
to the structure 1s made Light-weight riveted
attachment fittings, with rivets 1n tension,
have been found unsatisfactory
(e) After the bird carcass 1s deflected
by the windshield panel, 1t tends to slide over
the structure at the top or outboard edges of
the panel, and cause structural buckling
Maximum strength of panel attachment and
frame 1n thi1s region 1s required
(f) The use of a ripid type windshield
pranel with clamped edge mounting, such as a
clampedfull-tempered glass plate, results in
large forceson the structure associated with
the relatively small deformation of the panel
These forces are directed principally to the
rear and normal to the panel, and a rigid and
uniform structure 1s required to transmait
such loads
Application of some of these principles
1s shown 1n the practical installations of
Figs 24 to 29 Also shown in these 1llus-
trations are the various frame, s1ll, and post
componentdimensions, boltand rivetarrange-
ment and sizes, and other details of con-
struction, as well as the velocities at which
panels mounted 1n these structures were
tested, and the apparent points of imital
structural failure
Although no complete and precise data
have yet beenobtained concerning the impact
foreces and the loads transmaitted into the
structure from the windshield panel, the fore-
going information onstructural sections, bolt
sizes and spacings provides a general guide 1n
this connection
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Impact Resistance of Clear-Vision and
Auxiliary Windows

Tests 1nvolving impact ypon corner
cockpit windows adjacent to the windshield,
side windows, and auxiliary transparent panels
above or belew the mawn windshield panel,
have beenincludedin the present test program.

Although such panels are usually mounted
atalarge angle of slope to follow the curvature
of the fuselage, and are not in a direct fore
and aft line with the pilot, 1t has been found
from numerous tests thatfailure of such panels
offers serious hazard to the pilot In partic-
ular, 1t has been found that panels forward of
the pilotand with appreciable frontal area may
fail so that a part or all of the panel and
frame, glass or plastic splinters, or portions
of the bird, will be thrown in a directfion ap-
proximately normal to the plane of the window
and 1n the general direction of the pilot

Panels of this type which were tested
included laminated safety glass with clamped
edge support, laminated flexible bolted edpge
installations, and methyl methacrylate plastic
panels Some of the installations tested are
descrtibed 1n Tables I and II, which also show
the corresponding test results

The results of impact tests upon such
windows a re generally similar to those ob-
tained with identical panel materials and panel
mounting methods 1n maimn windshield panels
Panels with clamped ed ge mounting usually
have low 1mpact strength and, upon failure,
tend to be pulled cut of the mounting frame 1n
one or several large pileces which may be
thrown across the cockpit with considerable
force Methyl methacrylate panels also are
relatively weak, and fail by breaking into
large frapmentis with sharp corners and edges
Methyl methacrylate panels above the main
windshield have been penetratedin some tests
by the bird carcass shiding upwardafier direct
impact upon the main windshield panel

The laminated flexible bolted edge type
of panel i1nstallation ha< been shown, by the
tests, to provade the maximum impact strength
for auxaliary windows as well as for main
windshield panels In general, the same re-
lationships between penetration veloeity and
panel thickness, edpe mounting, metal insert
arrangement, panel temperature, and other
details of panel constructionand arrangement
applyas already discussed in connection with
the main windshield installation Howevcer,
because of the usual small size of such win-



dows 1n relation to normal windshield size,
several impact characteristics whichappeared
inthe larger panels are of especialimportance
1n connection with the smaller panels

Because of the usual small size of such
panels, bird impactupon the panel 1s close to
all edges and results in high forces in the
panel mounting and frame In addition, the
small size of the pane results in a pocketing
effect of the bird 1n the panel as the plastic
undergoes stretching, which tends to neutralize
the effect of the large angle of slope usually
used for such windows The effect of impact
upon small windows setat high anple of slope,
therefore, 1s simalar to the effects already
discussed in connection with panel size and
panel slope

It may be concluded that in the design
of such windows only slight consideration
should be given to the effect of an increase
of slope over moderate angles of slope in
determining butyral plastic interlayer thick-
ness, if the forward area of the panel 1s ap-
preclable. Also, no decrease insize or spacing
of mounting bolts should be made beyond that
tequiredfor a main windshield panel of moder-
ate slope and similar plastic thickness

Tests of a vanety of hinged clear-vision
windows indicate the need for strong attach-
ment, positive acting locks of high strength,
and rigid frame to carry the panel edpge forces
to the points of attadhment to the structure
Failure of windows has commeonly occurred
through opening of the lock during impact,
failure of portions of the lock, failure of the
hinge or 1ts attachment to the siructure, or
severe distortion of the window frame In-
sufficient systematic data have been obtained
to permat specific conclusiens concerning
strength requirements for suchframes, loeks,
and hinges

Optical Deviation Measurements

Optical deviation measurements were
rmade upon certain of the panes used for 1m-
pact tests Because of the relatively small
number of optical tests carried out, and as
no selection of panes was made for such tests,
the results are not completely representative
of the optical characteristics which might be
obtained 1n commercial production

(a) Measurement with Plate Glass

Tests were made of optical deviations
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produced by full-tempered glass plates from
025tol 25-in thickness The tests in-
dicate muchbetter optical qualities than those
found in butyral plastic laminated panes The
maximum deviation indicated by any of the
panes 1ncluded in the tests was two minutes
The maximum rate of chanpe was
approximately 0 25 minutes of arc per inch
No correlation was found to exist between
thickness of full-tempered glass and amount
of deviation of line of sipght.

of arc

(b) Measurements with Laminated Panes

Optical deviation measurements were
made upon various laminated panes with dif-
ferent thickness combinations of suriace
glass and butyral plastic interlayer Some
results in this connection are shown in Fig
30 These show that the proportion to the
total panel area of the area with less than
three minutes of are deviation will increase
as the ratio of glass thickness to plastic inter-
layer thickness increases

With the total glass thickness twice as
gpreat as the plastic thickness, or with the
thickness of each glass face equal to that of
the plastic interlayer, approximately 50 per
cent cof the total panel area has optical devi-
ation values less than three minutes If the
total glass thickness 1s equal to the thickness
of the butyral plastic, only about 25 per cent
of the total panelarea shows optical deviation
less than three mainutes

In Fig. 31 1s showna typical optical
deviation photograph of a glass plastic lami-
nated type windshield pane consisting of
0.25-1n butyralplasticinterlayerand 0 188-in
full-tempered glass faces The center area
of the pane 1s relatively free from deviation
of line of sipht, however, at the edpges the
amount of optical deviation increases 1n a
characteristic manner Usually this rela-
tively hiph optical dewviation associated with
the edpges of the pane 1s limited to a border
area of one to two inches around the pane

SPECIAL PROBLEMS ASSOCIATED WITH
IMPACT RESISTANT WINDSHIELD DESIGN

In addition to the specific data given in
previous sections of this report, certain ob-
servations were made which relate to design
problems associated with impact-resistant

windshields T he se observations are con-
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NOTE

THE OPTICAL DEVIATION DATA

FOR THE 2 INCH BORDER
AREA OF THE WINDSHIELDS

80 ARE NOT INCLUDED
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LEGEND

3 o-STANDARD TEST PANES

PERCENT OF TOTAL AREA OF PANE HAVING DEVIATION
OF LINE OF SIGHT LESS THAN 3 MINUTES QF ARC

%~ COCKPIT STRUGCTURE PANES |
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RATIO OF GLASS THICKNESS TO POLYVINYL BUTYRAL THICKNESS

Fig 30 Variation of Deviation of Perpendicular Line of Sight With Glass-Plastic
Thickness Ratio of Laminated Panes

cerned with thermal and splintering charac-
teristics of windshield panels

Thermal Characteristics

Several independent but closely related
problems concerned with thermal character-
1stics of windshield panels are encountered
in practical aircraft applications These
problems involve the heat transmission
characteristics, and the variation of panel
impact strength with termnperature as previ-
ously discussed

The heat transmaission characteristics,
concerned with the provision of adequate heat
on the outer face of the windshield panel for
de-i1cinp purpo se s and the minimization of
heat radiatedfrom the inner face of the wind-
shield because of pessible pilot discomfort,
are related to the windshield impact charac-
teristics principally through the effect of the
location and thickness of the poalyvinyl butyral
or other plastic

Itis necessaryto minmimize use of butyral
plastic between the source of heat in the
windshield and the front face of the panel,

because of the relatively low heat transmission
of plastic as compared to glass For the
same reason, the use of thick plastic layers
behind the source of heat 1s advantageous
The maintenance of a reasonably unmi-
form temperature of the desired magnitude
in the butyral plastic interlayer of a wind-
shield panel in a practical aircraft instal-
lation 1s a difficult problem However, as
indicatedin previous discussion, such temper-
ature control 1s required to insure maximum
impact strength In the approximate temper-
ature range from BO0° to 140" F, the butyral
plastic with 20 per cent plasticizer exhibits
good energy absorbing characteristics, but
outside of this range the ability to absorb
energv of bird impact decreases rapadly
Heatfor maintenance of adequate plastic
temperature 1n the windshield panel 1s readily
avallable 1n windshield installations where
heat de-icing 1s used Warm air circulated
through a double pane arrangement, as
commonly used for de-icing, provides suf-
ficient heat for maintaining the plastiec tem-
peratures necessary for hiphstrength Partial
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Fig 31 Typical Optical Deviation
Photograph of Windshield Pane
With 0 25-1n Polyvinyl Butyral
Interlayer and 0 188-in. Semi-
Tempered Glass Faces

application of such warm air has been used
in practical installations for this purpose
The use of warm de-icing air provides
an uneven temperature distribution across
the panel For example, the heated air may
enter the i1nboard end of the panel at a tem-
perature of 200° F or higher and leave the
outhoard end of the panel at 100° to 125° F
The plastic temperature at the two ends of
the panelwill vary by similar large amounts
Impact tests have been made with such tem-
perature conditions exasting, and 1t was found
thatthe impactstrength and type and location
of failure are such as would be expected from
application of the data shown in Fag 14 to
different portions of the panel Consideration
should be given 1n practical desipn to the
panel strength existent with such a temper-
ature distributfion, and with either total or
partial heat applied Further consideration
should be piven to the location of areas of
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minimum strength, and every effort made to
obtain maximum strength at portions of the
panel area which are particularly critical

The use of electricallyheated panes, in-
corporating conductive coatings, appears well
suited to maintaining suitable piastic temper-
ature for maximum strength In such instal-
lations, the temperatures atdifferent portions
of the heated pane are more uniform than in
panels using hot air for heating, and the
magmitude of the temperature can be brought
to any reasonable desired value by variation
of the applied voltage From the strength
standpoint, such panes appear to possess
definite advantages

Splintering of Glass and Plastic Panels

In addition to the hazard associated
with penetiration of a windshield panel, by a
colliding bird which enters the cockpit with
considerable residual velocity, s hazard exists
from splinters or larger sharp-edged pieces
of plass or plastic resulting from the 1mpact
A photograph of plass splinters thrown off
the rear surface of a laminated pane during
impactis shown in Fig 32 Broken particles
are produced by the irmpact with all types of
glass used for the rear surface of the pane,
even though no penetration of the pane by the
carcass OCCUTS.

The laminated glass-butyral plastic
pane possesses serious splintering charac-
teristics At impact velocities greater than
that required to crack the glass faces, but
considerably lower than that required for
panel penetration, splinters are thrown from
the rear pane face These splinters are
small i1n stze and itravel at a velocity of the
order of 500 feet per second as estimated
from high speed photographs

Various objects have been set up behind
panels of this type to obtain an indication of
the penetrating power of the glass splinters
in soft wood, cardboard, and putty-like
materials It has been found thata small
proportion of the splinters will stick in the
surface of soft wood or cardboard, and that a
large number of splinters will penetrate the
surface of the putty The splinters will not
break thin glass such as used 1n eye-glasses
or goggles

Several possibilities for controlling the
projection of splinters from the rear face of
the laminated pane into the cockpit were in-
vestigated Two methods were tried



Fig. 32 High Speed Photograph of Splintering of Glass-Plastic Pane at Time of Impact

(1) utilizing a relatively hard plastic
in place of glass on the rear face of the
laminated pane.

(2) suspending a thin sheet of hard
plastic a short distance behind the standard
glass-plastic laminated pane.

The first method is illustrated in Table
IV by Type Nos. 401.2 and 401.4, where the
butyral plastic interlayer was laminated with
methyl methacrylate plastic. Impact tests
indicate that the strength of such a pane is
lower than a similar pane using tempered
glass faces, Cracks developing in the methyl
methacrylate plasticfaces of the panel appear
to be transmitted to the butyral plastic inter-
layer, thereby lowering its strength.

Using a glass front face and methyl
methacrylate plastic rear face for the pane,
as shown in Table IV, Type No. 402.3, intro-
duces a problem of unequal coefficients of
thermal expansionfor the two materials, which

results in bending of the pane and consequent
optical distortion.

In the case of the No. 402.3 pane, a
comparatively thinlayer of methyl methacry-
late plastic is employed for the rear face,
Outstanding practical disadvantages of this
consiructionare poor optical characteristics
and low scratch resistance of the plastic sur-
face. No other plastics were considered as
suitable for this purpose at the time of this
investigation.

The second method of solution of this
problem consisted of suspending a methyl
methacrylate plastic sheet of 0.080-in. thick-
ness behind the main panel to stop the
splinters. It was found that a thin pane sus-
pended in this manner is broken by impact as
a result of the large distortion of the plastic
interlayer in the main panel, Further, this
added pane possesses undesirable optical
characteristics, disturbing reflections from
the added surfaces, and low scratch resistance,



Laminated glass-butyral plastic panes
in which the rear glass face consisted of an-
nealed glass and full-tempered plass were
tested as well a5 the semi-tempered glass
normally used No large variation in the
amount of fine splinters produced by the dif-
ferent types of glass was abserved

ADDITIONAL STUDIES REQUIRED

Several phases of the present develop-
ment program require additional study and
investigation These may be summarized as
follows

1 Study of variation of impact strength
with temperature for various butyral plastic
thicknesses and for various butyral plastic
plastic.zer contents Related to this 1s the
study of means for extending impact resist-
ance of butyral plastic over a greater tem-
perature range

2 Investigation of effect of variation of
the mass of the bird carcass

3 Study to determine effectof size, shape,
and slope of the panel upon impact strength

4 Determination of magnitude of the 1m-
pact forces involved and the energy absorbed
by various windshield panel designs and ar-
rangements

5 5tudy of additional methods of over-
coming the problem of glass splintering from
the glass-butyral plastic laminated type pane

6 Investigationof methods for measuring
and improving optical deviation and light
transmissioncharacteristics of glass~butyral
plastic windshields with both flat and curved
panels

7 Securing of more complete data on de-
tailed design of edge mounting arrangements

8 Investigationof possibility of replacing
present method of testing windshields with
method of designanalysisin order to simplify
determinationof compliance of windshield
structures with Civil Air Regulations

CONCLUSIONS

1 The general type of panel construction
which provides the greatest strength, when
compared upon the hasis of equal weight with
other panel types, 1s the type utilizing a larma-
nated glass-plastiec type pane with thick
polyvinyl butyral plastic interlayer, and with
the extended flexible plastic edges bolted to
the frame structure
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2 The resistance of a windshield panel
to impact with a bird carcass, as measured
by the velocity of carcass required to cause
penetration, varies approximately as the
logarithm of the pane thickness
the laminated glass-plastic type pane with
extended plastic edge, the thickness of the
glass has little effecton impact strength with-
The ympact strength of
this type of pane 1s determined principally by
the thickness of the butyral plasticinterlayer

3 An optimum temperature and plas-
ticizer content exast for maximum impact
strength of all panes 1n which plastic materials
contribute appreciably to the strength Pol-
yvinyl butyral plastic with 20 per cent plas-
ticizer content, as commonly used, exhibits

However, in

1n reasonable limits

greatest energy absorbing characteristics 1n
the approximate temperature ranpge from 80°
to 140° F

4 Inadouble-pane windshieldarrange-
ment, where a relatively than front glass waith
good thermal transmission characteristics
1s used, the f{ront pane contributes little to
the impact strength of the combination

5 The angle of impact upon the wind-
shield panel has preat effect upon 1ts impact
strength Itis indicated thatthe impact
strength, as measured by the carcass velocity
requiredfor penetratian, varies approximately
as the secantof the totalangle of panel slope

6 Impact upon the windshield panel 1s
most severe for locations close to the aft
edges or rear upper corner of the panel

7 Size and shape of windshield panel
have little effectupon ampact strength over a
con-iderable range commonly used in air-
craft practice

8 The general ripidity and energy ab-
sorbing characteristics of the windshield
supporting structure have considerable effect
upon the strength exhibited by the windshield
panel A structure which 1s highlyelastic, ot
which undergoes buckling, apparently causes
lowerforces to develop 1n the panel with less
tendency for panel failure
structural ripidity around the panel also ap-
pears advantageous

9 Apparently no advantape exi1sts 1in
utilizing heavy rigid posts at the ends of the
windshield panel or between panels, except
to reduce glass cracking in panels adjacent
to the panel upon which impact occurs

10 Common types of failure, occurring
separately or in combination in the glass -
butyralplastic type of windshield installation

Uniformaty of



having extended plastic edpge s bolied to the
cockpit frame stiructure, are as follows

(1) Shearing of extended plastic edge
of pane at bolts

(2) Shearing of pane atinner edge of
the metal strip inserted in the extended
plastic edge

(3) Failure inthe mainbody of the pane,
usually in the form of a tear i1n the
plastic interlayer

(4) Failure or severe bending of the
immediate windshield frame

(5] Failure 1n shear or tension of the
panel mounting bolts

(6) Failurein the hinge, clamp, or bolt
attachment of the windshield frame to
the si1lls and posts

(7) Failure of the sills or posts, or
their attachmen to the aircaraft structure

11 Normal deflection of the bird carcass
by the windshield to the upper outhoard
corner of the panel, to follow the direction of
panel slope, demands particular attention
with regard to attachment of the panel and
frame 1in this repion

12 1he use of a rigid type windshield
panel with clamped edge mounting, such as a
full-tempered glass plate, results 1n large
forces on the structure associated with the
comparatively small deformationof the pane
A rmgid and uniform structure 1s required to
transmait such loads

13 The laminated flexible bolted edge
iype of glass-plastic panel installation pro-
vides maximum 1mpact strength for auxiliary
windows Because of pocketing effects of the
carcass 1n small panels of this type, the help-
ful effect of noermal large angles of slope
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tends to be negated, and butyral plastic thick-
nessand frame supporting strength equivalent
to the main windshield panel 1s usually re-
quired

14 The opticalproperties of the glass-
plastic laminated panes, measured in terms
of optical deviation of line of sight, varies
with the ratio of glass to butyral plastic thick-
It 15 1ndicated that the thickness of
each glass face shculd be equal to the thick-
ness of the plastic interlayer to obtain nor-
mally acceptable optical characteristics

15 The glass-hutyral plastic laminated
type windshield pane possesses undesirable
Temperedor
annealed glass produces lar ge quantities of
high velocity splinters The use of methyl
methacrylate plastic, or other similar hard
plastics on the rear face of the pane, greatly
reduces splintering but produces undesirable
optical characteristics

16 TItisindicatedthatinlaminatedtype
panes the ratio ofthickness of 245-T alurninum
alloy metal 1nsert in the plast:c pane edge to
the thickness of the butyral plastic interlayer
should be between one-sixth and one-fourth,
for thickness of plastic interlayer 0 188-1n
or less and one-f1fth to one-thirdfor thickness
of plastic interlayer greater than 0 188 1n

17 The panel mounting bolts should be
spaced at least two bolt diameters from the
edge of the pane The bolt si1ze and distance
between bolts should provide strength equiv-
alent to a 2-1n spacing of No 10 steel bolts
{100,000 ps1 H T ) for 0125 1n butyral
plastic tnterlayer thickness, and a l-in
spacing of identicalbolts fora 0 25-1n 1inter-
layer thickness

ness

splintering characteristics

In general, small bolis at
close spacing provide more uniform support
than large bolts at wide spacing



